In this paper, we experimentally study the selective excitation of two-pulse femtosecond coherent anti-Stokes Raman scattering (CARS) in a mixture of dibromomethane (CH 2 Br 2 ) and chloroform (CHCl 3 ) by adaptive pulse shaping based on genetic algorithm. Second harmonic generation frequency-resolved optical gating (SHG-FROG) traces indicate that the spectral amplitude and phase of the optimal pulse are both modulated. Finally, we discuss the physical mechanism for the selective excitation of femtosecond CARS based on the retrieved information from SHG-FROG traces.
Introduction
Coherent anti-Stokes Raman scattering (CARS), a nonlinear four-wave-mixing (FWM) process, is one of the most important nonlinear spectroscopic techniques, [1] [2] [3] [4] [5] and has been widely employed to investigate the molecular dynamical process. The selective excitation of special Raman mode can enhance the CARS spectroscopic contrast, and therefore it can be applied on microscopic investigation of complex molecular structure. However, for femtosecond CARS process, several Raman modes falling within the broad spectrum of the femtosecond pulses can be simultaneously excited, and it results in the poor selectivity between the different Raman modes. A promising method for the mode-selective excitation is coherent control by the femtosecond pulse shaping technique. Here, the femtosecond pulse is shaped by modulating the spectral amplitude and/or phase to control the light-matter interaction and achieve the desired outcomes. So far, coherent control by shaping the femtosecond pulse has been widely utilized to realize the selective excitation of femtosecond CARS. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Such as, the shaped femtosecond pulse with the simple spectral phase pattern of -step, sinusoidal, chirped or binary function has been employed to realize the selective excitation of the femtosecond CARS. [8] [9] [10] [11] [12] [13] [14] Moreover, the use of adaptive feed-back control based on genetic algorithm or evolution strategy to selectively excite the femtosecond CARS has also been reported. [15] [16] [17] [18] [19] In our previous study on the selective excitation of one or more Raman modes in the benzene (C 6 H 6 ) solution by the optimal control of two-pulse femtosecond CARS, [19] it was demonstrated that both the spectral amplitude and phase of the optimal pump and probe pulses are strongly modulated. In this paper, we further explore the physical control processes. We experimentally study the selective excitation of two-pulse femtosecond coherent anti-Stokes Raman scattering (CARS) in a mixture of dibromomethane (CH 2 Br 2 ) and chloroform (CHCl 3 ) by shaping femtosecond laser pulse based on genetic algorithm, the CARS signal from chloroform can be enhanced and simultaneously the CARS signal from dibromomethane is effectively suppressed. The original and optimal laser pulses are characterized by second harmonic generation frequency-resolved optical gating (SHG-FROG) technique, and finally the physical control mechanisms are explicitly discussed and analyzed based on the retrieved information from SHG-FROG traces.
Experiment Setup
The layout of the experimental arrangement is shown in Figure 1 . A Ti:sapphire mode-locked laser (Spectra-Physics Spitfire amplifier) is used as the excitation source with the pulse duration of about 50 fs and the center wavelength of 800 nm. The output laser pulse is split into two components. One is used to pump an optical parametric amplifier (OPA) to generate the Stokes pulse. The other, as the pump and probe pulses, is sent into a programmable 4f pulse shaper. The pulse shaper is composed of a pair of diffraction gratings with 1200 lines/mm and a pair of concave mirrors with 200 mm focal length. A onedimensional programmable liquid-crystal spatial light modulator array (SLM-256, CRI) is placed at the Fourier plane of the shaper and used as updatable filter for the spectral amplitude and phase modulation. The frequency difference of the pump and Stokes pulses is set between the Raman shifts of dibromomethane and chloroform, and the dibromomethane and chloroform are mixed by the volume ratio 1:1. Their CARS signal is detected by the spectrometer equipped with a charge coupled device (CCD). A computer is served for reading the CARS signal, evaluating the cost function and updating the SLM. The original and optimal pump and probe pulses are characterized by second harmonic generation frequencyresolved optical gating (SHG-FROG) technique. [20] 
Results and Discussion
Figure 2(a) shows CARS spectrum for the mixture of dibromomethane and chloroform excited by the original pulse. Two Raman signals are observed and labeled peak 1 (intensive) and peak 2 (weak). The peak 1 can be contributed to the Raman mode of dibromomethane at 1388 cm -1 and the peak 2 can be attributed to the Raman mode of chloroform at 1889 cm -1 .
[21,22] Our experimental goal is to enhance the weak CARS signal 2 from chloroform and maximally suppress the intense CARS signal 1 from dibromomethane. In our experiment, an optimal feedback control method based on genetic algorithms is used to selectively excite special Raman mode from the mixture of dibromomethane and chloroform. Genetic algorithms allow a change in all of the pixels of the spectral phase mask and a decision whether the change is either accepted or rejected according to the calculated fitness. Firstly, the initial voltage values are generated randomly and loaded on the pixels of SLM as the first generation. Secondly, the fitness for the contrast ratio of the CARS signal intensity from chloroform to that from dibromomethane is calculated, and then the voltage values of the new spectral mask for the second generation are generated by genetic algorithm operation (select, crossover and mutate). Finally, the abovementioned optimization procedure is repetitively performed till the fitness approaches convergence and the contrast ratio approaches to the optimal value. Figure 2(b) shows CARS spectrum for the mixture of dibromomethane and chloroform excited by the optimal pulse. It is found that, Peak 1 from dibromomethane can be suppressed by one order of magnitude, but the Peak 2 from chloroform can be effectively enhanced by a factor of 8.
To experimentally indicate the physical control process, second harmonic generation frequency resolved optical gating (SHG-FROG) technique is employed to characterize the original and optimal pump and probe pulses, and the experimental results are shown in Figure  3 . The SHG-FROG traces show that the optimal pulse is strongly modulated. To further achieve the spectral information, the amplitude and phase of the original and optimal pulses in frequency and time domain are calculated based on the SHG-FROG traces and presented in Figure 4 . As can be seen, the low wavelength components in optimal pulse are attenuated and simultaneously their phases are modulated (see Figure 4(c) ). Moreover, the optimal pulse becomes pulse train (see Figure 4(d) ). So we reasonably believe that the shaped pump and probe pulses with the combined amplitude and phase modulation should be the optimal field for the selective excitation of the two-pulse femtosecond CARS. Next we discuss the physical mechanism for the selective excitation of femtosecond CARS based on the optimal pulse characteristic. According to the theory of Malinovskaya and Bucksbaum, [23] the stimulated Rman transition can be suppressed by tailoring its corresponding excitation frequency components. In our experiment, it is obvious that the peak 1 is induced by the blue frequency components of the pulse and the peak 2 is induced by the red frequency components. The blue frequency components of the optimal pulse are tailored (see Figure 4(c) ), which results in the peak 1 being suppressed. Furthermore, the optimal pulse is modulated into pulse train (see Figure 4(d) ), so the Stokes pulse will be prior to some sub-pulses in the pulse train, thus a stimulated Raman adiabatic passage (STIRAP) process can generate. [24, 25] In this case, more population can transfer, which results in the peak 2 being enhanced. 
Conclusions
In summary, we have experimentally demonstrated the selective excitation of CARS in the mixture of dibromomethane (CH 2 Br 2 ) and chloroform (CHCl 3 ) by adaptive pulse shaping based on genetic algorithm. Second harmonic generation frequency-resolved optical gating (SHG-FROG) traces indicate that the spectral amplitude and phase of the optimal pulse are strongly modulated. Based on the retrieved information from SHG-FROG traces, it was proposed that the selective excitation of femtosecond CARS was due to laser spectrum tailored and pulse-train forming. We believe that these experimenttal results should have potential applications on stimulated Raman spectrum.
